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~ ABSTRACT 
Lead azide was mixed with a squeegee screening vehicle 
and used to produce miniature gold-tantalum and copper-
nickel bonds, typically 0.125" by 0.187" in size. The ~mall-
est bonded area in this investigation was 0.062" by 0.1.50" 
and the thinnest gold and tantalum flyer plates were 1 mil 
in thickness. 
A linear relationship between the detonation velocity 
and density of the explosive material was obtained experi-
mentally. In addition, the specific impulse of the explo-
sive was measured by a transducer technique developed in this 
investigation. This technique produced a more accurate 
specific impulse value than other techniques, relative to a 
miniature bonding system, becat1se of the inherent lower 
losses that are associated with this technique. A detailed 
bonding analysis of a miniature gold-tantalum bonding system 
incorporating measured and calculated quantities that in-
clude flyer plate velocity, collision point velocity, and 
interface press11re is presented in terms of tensile strength 
and sonic velocity. 
The primary explosive produced on a miniature scale the 
three types of interface that are common to secondary explo-
s t V p t JO 71 f) l r1 ;-.. s )r !:_~ t ,::, [11 s • Th e e X R. C t s y s t em pa ram e t e r B , 1 • e • , 
ex p 1 o s 1 v e and f 1 ~' r~ r p 1 a t e mas s , ur1 cl e r ·,.r h 1 c }1 ea c }1 t y r) (~ o r 
" 
-· :~~- . 
- ;-: . 
,,._ 
,, 
. . 
.. 
'I · .. 
'2. 
-, 
interface formed were measured. Edge effects and wave forma-
tion changes at the bond interface were studied by preferen-
tially etching away the flyer plate. In addition, base 
plates were observed that had been abraded by the action of 
the jetting phenomenon that is present in the larger secon-
dary explosive bonding systems. 
Mechanical properties of gold-tantalum bonds were mea-
,, 
• sured by a 90° peel test and by microhardness across the 
bond interface. Failure occurred only in the lead of the 
bond and not at the bond interface. Microhardness measure-
ments show a decrease in hardness of the cold worked tanta-
lum, even at a substantial distance from the bond interface. 
Although it was po~sible to produce gold-tantalum bonds 
that had melting at the interface, no evidence of solid 
state diffusion across these melt zones was found. The melt 
region along the interface had a constant composition of 
approximately 20 weight percent tantalum, and did not vary 
from bond to bond although there was a large change in bond-
ing parameters. No intermetallics or non equilibrium phases 
were detected in the melt zone by X-ray analysis, replica-
tion electron microscopy or electron microprobe techniques. 
'· 
3 
I. INTRODUCTION 
Current State of Explosive Bonding 
Explosive bonding has progressed from accidental welds 
during forming operations to an established method for join-
ing metals. Some of the original studies were conducted 
with the intent of obtaining information on how to prevent 
these costly accidential welds. 1 In an effort to understand 
the fundamentals of the process, it became evident that ex-
plosive bonding was of significant industrial value to jus-
tify development of the process. As a result of this devel-
opment, explosive bonding has become an established method 
of surface cladding and metal joining. 
Clad sheets are now produced on a production basis, and 
metallic combinations normally considered incompatible by 
conventional joining methods are routinely welded. 2- 5 For 
example, the cladding of u. S. coinage material, chemical 
process equipment and the inside and outside of mild steel 
pipe are common today. 6 ,7 In addition, tubular transition 
3o1nts for nuclear reactors and spot, seam and lap welds of 
various alloys for space vehicle application have been 
R o 
made.~,/ Not only is there a vreat variety of weld types, 
but the thickness of the welded meml)ers vary fr·om clads of 
5 mil (1 mil c 0.001") thick brass to a steel substrate to 
10 11 compos1 te clads over 5 inc}1er; tr1ic~k. ' Even the amount 
4 
of area that can be bonded, in the clad form, has been 
reported as large as 10 by 24 feet.3,7 Although the size of 
clads is limited in part to each individual test facility, 
most of the reliable bonding parameter data and metallurgi-
cal relationships have been obtained on samples that have 
varied from 1/4" to 1/32" in thickne~s with a typical sur-
face size of 1• by J" to 1" by 9n. 1 , 12 ,lJ Although the 
overall size of these experimental systems are smaller than 
the examples cited above, the scale of bonding is still too 
large to be applicable to the electronic industry require-
ments for future use. 
Typical future applications are seen in bonding of 
electrical connections that are 1/2 to 10 mils thick to 
other types of base metals and to other metals in the form 
of thin ( and thick:) films on substrates • 14 Explosive bond-
ing offers the possibility of bonding new metal combina-
tions and thus, increases the choice of metals that can be 
used in manufacture. In the electronics industry, precious 
metals are often used because their lack of oxides are ideal 
for bondinF. requirements. For explosive bondinf, surface 
cleanj_r1r·· and ox:tde removal are not a prime consideration in ( , . 
fonninv l)onds. Aa a result, ~old plating- could be eliminated 
in some caAes and other metals could be considered. This 
offern r 11t11re <lP,slr~ners for" the electron1,c industry new aresa 
to c o r1 : : 1 r 1 e· r i n m El t r r· l Ft l s r-, 1 e c t i on , cleaninr nnd 1n process 
' > • 
1' 
l 
,' 
J 
l 
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5 
. handling requirements in manufacture. 
To date, explosive bonding has not been reported in 
the literature on miniature electrical connections. All 
bonds recorded in the literature have been made with high 
performance secondary explosives. These explosives have 
detonation velocities that range from 7,000 to 9,000 meters/ 
second, while the sonic velocity of most metals are less 
than 6,000 meters/second. 15 To prevent shock waves from 
being generated at the collision, it is necessary to incline 
the flyer plate at an angle to reduce the horizontal compo-
nent of the collision point velocity below the materials 
• 
* sonic velocity. Instead of inclining the flyer plate to 
prevent shock wave generation, the detonation velocity of 
the explosive (Vd) could be reduced. Lower performance pri-
mary explosives can fulfill this requirement for most metals. 
Primaries offer an additional advantage in that they can be 
detonated by electrical, mechanical or thermal means in 
contrast to secondaries which require detonator caps. Be-
cause most detonator caps are lar~er than the areas that are 
to be bonded in electronic applications, secondary explosives 
can not be considered for a sipnific.ant bondinrr scale reduc-
tion. In order to provide a background of the theory of 
* f1or the rearier wr10 j s not familiar w1 th exrlos1ve bonding 
t h e o r y ; ( 1 t l r: r1 i ;~ ~ 11 :=: s e d i 11 t h e n P x t s e c t, 1 on ) ah o ck w a v e a 
a t the co 111 s 1. () n r, cf~ 1 <) 11 w 111 p r E, v en t t} on cl 1 r1 R • 
'·. 
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explosive bonding for the unfamiliar reader, the theory for 
fJ 
the commonly used parallel set-up is presented in the follow-
ing section, as it is described throughout the literature.7,lO 
.... , ... 
Theo!Y of Explosive Bonding 
The typical parallel plate set-up of an explosive bond-
ing system is shown in Figure 1. The system consists of a 
flyer plate (upper) that is accelerated by the explosive 
towards a base plate. Typically, the explosive material is 
in direct contact with the flyer plate. When it is undesir-
able to have explosive products deposited on the flyer plate, 
a buffer is used between the explosive and the flyer plate. 
Buffers are also used to reduce the effective energy transfer 
to the flyer plate. In the majority of bonding set-ups, the 
flyer plate is parellel to the base plate and separated by 
a distance that is a fraction of the flyer plate thickness. 
As the result of the exothermic reaction of the explo-
sive, the flyer plate is accelerated towards the base plate 
in such a manner that the surfaces are brought together with 
"-·-' ... 
the geometry shown in Figure 2. In this particular geometry 
a dynamic bend anele is produceo between the deflected flyer 
plate and base plate which, in turn, produces a plastic in-
teraction at the collision point of the plates. It has been 
detennined that in some impacts (hiph velocity) of the plates, 
conditions are established in whtch the surfaces of each 
metal plate are forced to "Jot" into the space between the 
i' 
i 
fi 
I 
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plates. 16 The existence of a surface jet during bonding 
plays a key role in the theoretical analysis of bonding 
mechanisms as depicted by Cowan and Holtzman, 16 Pearson and 
Hayesl and Wright and Bayce. 15 In order to compliment the 
theoretical picture of the bonding mechanisms in parallel 
plate explosive cladding as portrayed by these men, it was 
necessary to obtain experimental infonnation on the phenom-
enon of surface jetting. In this effort Bergmann, Cowan 
and Holtzman17 used three sucessful approaches in obtaining 
direct experimental evidence of jet existence: 1) direct 
observation by means of high-speed photography with a fram-
ing camera, 2) the use of a plated surface experiment in 
combination with chemical analysis to detect transfer of 
plated surface metal by the jet and 3) the use of an aluminim 
witness stand that showed jet penetration when placed a short 
distance upstream from the cladding assembly. As a result 
of the collision between the flyer and base plates, a very 
high pressure wave is ~enerated at this point. If the flyer 
and base plate are similar material, this pressure wave will 
move away from the point of collision at the characteristic 
sonic velocity of the material (V8 ). But, this collision 
point (that 1 s the source of the pressure wave) is clyr1arn1c 
and is movinv. along the plates at a velocity ('lc 0 ) that is 
8 
equal to the detonation VP.lo~1ty of the explos1ve (Va), pro-
v 1 d e ci t }'1 r1 t t t 1 t -! JJ 1 Lt t e n w e r" f~ n r· 1 ~~ j r 1 r, 1 1 J' J) 11 r-- t 111 P 1 . 1 O , 1 .S F 1 p;u re 
' ., 
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3 shows this arrangement. This pressure wave that has moved 
forward of the collision region causes the free surfaces of 
the plates to react as an inviscid fluid and thereby, jet 
into the sp?ce between the plates when they collide as shown 
in Figure 4. The magnitude of this pressure wave must 
greatly exceed the yield strength of the materials in order 
for jetting to occur, a condition that is necessary to pro-
duce a bond between the plates. On the other hand, if the 
collision point is traveling at a velocity that is greater 
than the sonic velocity of the materials, then the pressure 
wave generated by the collision will be forced through the 
materials at a velocity that is greater than the material 
sonic velocity. Because the sonic velocity of the material 
is exceeded, a shock wave results, and it becomes attached 
to the collision point. As the resultant shock wave expands 
from the collision point to the outerface of each plate, it 
reflects and produces a rarefaction or release wave which, 
in turn, separates the inner surface of the plates down-
stream from the collision point and prevents bonding. 16 For 
the shock case, no jet is produced because the shock wave is 
attached to the collision point and can not travel upstream 
to cause the plates to act as an inviscid fluid as shoWJ1 in 
Fig-ure J. Thus the phenomenon of Jetting can exist only 
when tl1e co1li!3i.on r)o}r1t vcloci ty is leas t}1an the sonic 
velocity of the materials. In summary, two con<litlons must 
~~ 
.-j 
be satisfied to effect a bond between the flyer and base 
plates.· These two conditions are: 1) the collision point 
must have a subsonic velocity and 2) the pressure in the 
collision region must be sufficient to produce jetting. 
Interface Characteristics 
Metallographic examination of various explosive bonded 
metals show that three basic types of interfaces exist: 
1) the wavy interface, 2) the straight interface and J) the 
uniform melt layer interface. The formation of the surface 
jet and the conditions under which the jet interacts with 
the plate determines the type of bond interface and the 
bonding mechanism. The surface jet serves to remove oxide 
films and adsorbed gases from the plate surfaces so that a 
direct metal to metal contact can be made. Because clean 
intimate contact has been established, atomic bondin~ forces 
produce a weld that has a straipht type interface. For the 
wavy interface case, an unstable jet forms a wave that 
stretches the surface of the plate and ruptures the oxide 
films. This exposes fresh metal to permit direct intimate 
contact unoer r1ip-h pressure res111tinr, jn a sounct meta1111rvi-
cal bond. In the continuous melt layer type interface, the 
jet energy is high enough to cause melt1n~ at the interface. 
This molten zone dissolves thP. ox:tde films of both plates 
an cl r () rm s Fl m e 1 t 1 a y e r· J o l 11 t s 1 n1l. 1 El r' t () t r1 E-1 t c) f ;1 fl l s 1. o r1 
weld. 
I 
.. 
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Purpose of This Investigation 
A development program at the Western Electric Engi-
neering Research Center in Princeton, New Jersey has been 
in progress in an effort to bond miniature systems with 
primary explosives. This program has bonded over 17 bime-
tallic combinations on a small scale. Typical surface areas 
are 1/8" by 1/8" with bonded thickness as small as 1 mil 
foil to 2 mil foils. 14 This program was largely empirical 
in nature because it has dealt with bonding scale reduction 
to a size that is applicable to the electronic industry. 
This investigation was launched in an effort to compli-
ment the bonding scale reduction program and to provide ad-
ditional information needed in the scale reduction. In or-
der to obtain information about miniature explosive bonding 
systems, it will be necessary to define the bonding parame-
ters in terms of interface characteristics. It will also be 
necessary to relate bond properties in terms of interface 
characteristics. Since bonding with a primary explosive 
has not been reported. in the literature to date, 1 t wi 11 be 
necessary to deterni.ne the properties of the primary explo-
sive t}1at has 1-lf?en deve] ooed for the bondinv scale reduction 
. ' 
(see Appendix A). 
The bimetallic system of gold-tantalum was ohoosen for 
a deta1led meta11urp:1cal analysis of a m1n1.ature explosive 
boncl 111,.c BY B t f~I11 
.. 
t r1 c:1 t tl s e cl a pr t ma. ! .. :I exp 1 o B t v c as t }1 e t> on d, 1 n p; 
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energy source. The gold-tantalum system was selected be-
cause these metals are used throughout the Bell System for 
electronic component fabrication, so that any bonding know-
ledge obtained from this investigation will be of use. The 
gold-tantalum system, from a metallurgical stand point, would 
be difficult to join in direct contact by conventional weld-
- -· ing processes since the boiling point of gold is below the 
melting point of tantalum. 18 The constitution of the gold-
tantalum system contains brittle intermetallics that could 
cause bonding problems even in nonconventional joining pro-
cesses, such as diffusion or thermocompression bonding. 19 
In addition, gold and tantalum have sonic properties that 
can be exceeded by the primary explosive so that these mate-
rials can provide more information on bonding theory than 
18 20 materials that have high sonic velocities. ' Throughout 
this investigation, copper-nickel bonds will be used as a 
test control for the gold-tantalum bonds because in many 
cases the outcome of an experiment may not be worth the cost 
of the gold and tantalum metals as compared to the cost of 
copper and nickel. 
12 
·11. EXPERIMENTAL DESIGN CONSIDERATIONS 
Measurement of Explosive Properties 
The ultimate objective in measuring the properties of 
the explosive used for bonding is to obtain enough informa-
tion so that it is possible to predict bonding between me-
tallic combinations for a given quantity of explosive and 
flyer plate material. Two conditions must be satisfied to 
bond with the parallel plate technique: 1) the detonation 
velocity (Vd = V0 P) must be less than the highest bulk sonic 
velocity of either metal)and 2) the pressure wave created 
in the collision region must greatly exceed the yield, strength 
of both materials. The detonation velocity (Vd) and the in-
terface pressure (P1 ) in the collision region will be the 
controlling factors in bondin~, so it is necessary to obtain 
information on these parameters through knowledge of the 
explosive properties. 
petonation Velocity an~ Dens~ty. The detonation velo-
city of an explosive is a property of that explosive and 
varies with the density of the explosive according to: 21 
Vd = A R, () ( 1) 
where A is a constant that depends on the type of explosive 
and/' is thP densit.~1 C)f the explosive, 1.e., mRss of PXfilo-
/ I 
81 ve per ur1t t volt1mt~ occuJ)t ecj tJy the explos1 ve material. The 
\ 
, , 
13 
primary explosive used in this investigation is collodial 
lead azide (PbN6, 1 to 4 micron particle size). Values 
of the detonation velocity (for lead azide) at various 
charge packing densities are known so that the constant A 
can easily be determined from the slope of a plot of Vd 
versus Pa 22 The lead azide is mixed with a pine oil • 
base screening medium so that it can be deposited on the 
flyer plates to form the miniature bonding system. Because 
the screening medium, or vehicle, reduces the effectiveness 
of the explosive by changing its density, it is necessary 
to determine the exact extent of this reduction by measur-
ing the detonation velocity and explosive density so that 
it can be compared to known data for equation (1). 
Pressure Profiles and Imnulse. The impact pressure 
in the collision region must be high enough, i.e., much 
greater than the yield strength of the metal to cause the 
plates to react as an inviscid fluid and therefore "jet" 
when they collide at a high velocity. This impact pressure 
(P1 ) depends upon the velocity at which the flyer plate 
(VP) strikes the base plate and is given by the approximate 
expressjon:15,16,21,2),24 
where Pm a density of flyer plate metal 
V8 • sonic velocity of the flyer plate 
(2) 
,, 
. i 
l, ·-- < 
With knowledge of the flyer plate velocity, VP, it is pos-
sible to determine if the impact pressure greatly exceeds 
the yield strength of both materials, through equation (2), 
in order to be able to predict bonding. However, in order_. 
to obtain flyer plate velocity information, it is necessary 
to consider the explosive-flyer plate system. As the ex-
plosive {that is in contact with the flyer plate) detonates, 
the area behind its detonation front contains unexpanded 
gases that are enclosed by the detonation front, flyer plate 
and a release wave. The pressure within this region is 
given by: 21 
( :3 .l 
where p = 30% greater than P0 • 
Only about half of this pressure in the reaction region 
is transferred to the flyer plate in the form of an oblique 
shock (or pressure) front. 21 If the primary explosive has 
a detonation velocity that is less than the flyer plate 
bulk sonic velocity, the pressure will be transferred to 
the flyer plate as an oblique pressure front (not shock), 
and it can be expected that this pressure wave will be much 
• 
less than half the value given by equation (3) or: 
(4) 
where K is a dimensionless constant that will be greater 
i 
' I 
I 
I 
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I 
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than zero but less than 1/2. For a given surface area of 
the flyer plate and explosive (A0 ), the explosive pressure 
wave imparts a force (F0 = Pm A0 ), F0 , to the flyer plate. 
This force, F0 , when exerted on the flyer plate for a finite 
time interval (dt) will change the momentum of the flyer 
plate according to: 
(5) 
where, M, is the mass of the flyer plate with surface area, 
A0 • The right hand side of equation (5) is usually called 
the impulse term and becomes a property of the explosive 
through equation (4) and (3). It is convenient to divide 
equation (5) by the mass per unit surface area of the ex-
plosive, C, (C = p0 • t 0 ) so the flyer plate velocity can be 
solved for in terms of specific impulse (Isp). Equation (5) 
becomes, when the flyer plate has no initial velocity: 
VP= I (C/M) 
sp (6) 
where I 8 P = specific impulse of the explosive and is now 
given by: 
(?) 
Then by measurin~ the oblique pressure fronts as a function 
of time for various thickness of explosive (tc), 1t 1s pos-
F 
! 
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With impulse values, it is possible to dete!'Jlline the plate 
velocity (VP) through equation (6). The flyer plate veloc-
i t"y can then be used to detennine if the impact pressure at 
the collision point, through equation (2), greatly exceeds 
the yield strength of both metals so that it can be used as 
an aid to predict bonding. 
Miniature Bonding System 
Because bonding is to be done with a primary explosive, 
it will be necessary to determine if it is possible to pro-
duce the three types of interfaces common to the literature 
by varying system parameters. The effects of changing the 
mass of explosive and the mass of the flyer plate must be 
related to the plate velocity, to the interface type and to 
the phenomenon of jetting. 
In the parallel plate set-up, the flyer plate is paral-
lel and separated from the base plate by a fraction of its 
own thickness. For plates that are 1/8" thick, this is not 
difficult but for flyer plates that are 5 to 1/2 mils thick, 
it is all but impossible (economically) to maintain uniform 
separation distances. There is no real information and some 
disarreement between authors as d.iscussed by Grasslands and 
l () Williruns, ~ as to the influence of separation space on in-
terface type. It must also be related to the effect on the 
plate velocity (V 0 ) and on the collision point velocity (V0 p) 
as well a.s interface chanves. Shaz·p, et al, 25 claim a 
; 
( 
., 
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separation space of six times the flyer plate thickness -can 
be used in aluminum to steel bonds. In bonding syst.ems that 
use secondary explosives, it is usually necessary to use 
angular stand-off so that it becomes difficult to correlate 
separation space; because in this type of system the distance 
is always changing. Sharp, et ai, 25 as well as other authors5 
have reported bonding in systems in which the collision ppint 
velocity was as high as 120% of the highest material sonic 
velocity. 
Throughout the literature there have been reports of 
edge effects in explosive bonds.5,7,10,25 These edge effects 
are areas at the edge of the flyer plate where bonding has 
not occurred. Sharp, et ai, 25 in their claim discuss a 
technique by which these effects can be eliminated. In large 
systems, these effects usually are not harmful because the 
clad can be made larger than necessary and later trimmed in 
a subsequence operation. Rut for a small system, it is quite 
possible that these ec1p:e effects could be harmful simply be-
cause the amount of area bonded is quite small and could 
greatly influence the ultimate use of the bond. As a result, 
it will be necessary to study the edre effects in the minia-
ture system with emphasis on thetr ca11se and the influence 
they mi f,;h t have 11 r1011 1Jc)nd qual 1 ty. 
Mechanical Pronerti.es of Iionds 
-·"---------·· ,_,_---",., __ ·-·-·- -----
In view or posstl,le apr)licat1on of a given bond, it 11 
18 
necessary to determine bond physical properties. Increases 
in hardness across the interface have been reported in 
large scale secondary systems. These increase in hardness 
I 
effects are due to the shock wave created by the secondary 
16 
explosive. A study by Cowan and Holtzman, revealed that 
in many cases higher hardness existed in the melt zone of 
the bond than in the parent metals. These bonds contained 
brittle interrnetallics that are often detrimental to the 
bond. Since primary explosives do not create shock waves 
and the pressure wave transmitted to the metal is an order 
of magnitude less than those in secondary explosive, it will 
be necessary to compare microhardness data across the bond 
interface type which in turn can be correlated to the det-
onation velocity, plate velocity, magnitude of the pressure 
wave generated by the explosive and the magnitude of the 
pressure wave created in the collision region. 
Some authors have reported that bonds in which no 
melting has occurred usually have higher bond stren~th than 
the parent material. This could be partly due to the work 
hardening effects of wave formation for wavy interface 
15 26 0 bonds. ·· ' A GO peel test can be used to detennine the 
strcnt··tn of bond.(~d Rreas. Two types of failurr~ t1rr:~ con1n1on 
to this type of peel test. One is lead failure in which 
the lead breaks, and the other 1a interface failure where 
the lead 1s peeled from the bonded area. In an effort to 
19 
analyze bond characteristics, the bond will be annealed and 
later pull tested to insure that the bond is sound and can 
withstand a thermal eycle and is not subject to failure sim-
ilar to the solid state bond of the gold-aluminum system. 27 · 
Melt Zone Analysis 
Due to the tendency of forming melt zones in either dis-
crete pockets or continuous layers at the bond interface, it 
will be necessary to characterize these melts. Cowan and 
7 16 Holtzman' spent considerable effort characterizing the 
melt zone of the copper-nickel bond. They performed X-ray 
diffraction analysis on 25 samples that had melt widths that 
varied from 5 to 100 microns. The melt zone was indexed to 
a FCC structure with a lattice parameter that corresponded 
to an equilibrium alloy of 39.5 atomic percent nickel. 
Electron microprobe analysis showed that the melt zone was 
uniform in composi ti,on, and that for the 25 samples, the 
atomic composition of nickel in the zones varied from 37 to 
42 atomic percent nickel. They concluded that the melt 
zones were of a composition and structure that would be ex-
pected to result from a rapid quench of a well-mixed melt. 
The cor)per-rrold systen1 has been anr1.lyzed hy X-ray dif-
fraction and electron rntcroprobe st1Jciies by ·wright and 
1 ') Bayce. ·· In their studies, they detected the formation of 
the ordered alpha prime (CU3Au) phase which would not be 
20 
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expected to form during a rapid quench as reported by Cowan 
and Holtzman for the Cu-Ni system. In the aluminum-titanium 
system, Cowan and Holtzman7,l6 detected a hard and brittle 
melt zone. X-ray diffraction techniques indexed the material 
of the melt zone to be a mixture of Al and Al3Ti but showed 
no evidence of the Ti, Ti 3A1 or the TiAl phases that are 
also shown on the equilibrium diagram. 28 Reviewing the 
equilibrium diagram, shows that the Al and Al3Ti phases are 
found in the composition range of 75 to 100 atomic percent 
of aluminum. This composition range has the lowest liquidus 
temperature for the Al-Ti system, and the maximum liquidus 
temperature in this range is 14oo0 c. 28 For the iron-aluminum 
system, Wright and Bayce15 reported the formation of a brit-
tle intermetallic compound FeA12 • However, Keller26 annealed 
iron-aluminum welds at 240°C and reported three phases that 
were recognizable with a light microscope and even determined 
the phases to be FeA1 3, Fe2A15 and FeA12 1 
Lucus, et ai,24 have reported a comparision of explosive 
bonds to friction and cold pressure welds. The explosive 
welds showed complete recrystallization in the bond zone as 
the result of heating. This adds support to Trueb29 who had 
earlier reported recrystallization in copper bonds. In a 
later" study l)y TruebJO on copper-nickel, copper-steel and 
tantaltim-stf~el t)c)ncls that werr~ inve[")t.ir,~ated t)y electror1 
microscopy and mlcroprobe analysis, 1 t was concludecJ that 
I.. 
,. 
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explosive bonds lack any large-scale diffusion. The inter-
faces had characteristic sharp transitions from metal to 
metal in a continuous boundary at the interface, and this 
boundary has many of the characteristics of a grain boundary. 
Diffusion anneal of these explosive bonds produced micro-
structural changes as well as growth of intermetallics that 
are characteristic of the samples binary constitution.JO 
In view of these past findings, in order to characterize 
the melt zones of the gold-tantalum bonds, it will be nec-
essary to determine if these regions of melt have constant 
chemical composition and if the composition of the melts 
vary from bond to bond for the miniature bonding system. It 
will also be necessary to determine if regions in the same 
bond vary in composition. In addition to knowing the compo-
sitions of the melt zoBe, it will be necessary to know what 
phase or phases exist within these zones and to determine if 
they are equilibrium type phases. To confirm that they are 
equilibrium or non eq11i li bri um 1 t will be necessary to ex-
amine the structure of the melt zone to determine what ef-
fects melt zones have upon bond properties and bond quality. 
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III. EXPERIMENTAL PROCEDURE 
Explosive Properties 
Th~ explosive was mixed according to the procedure out-
- lined in Appendix A. All explosive charges were screened by 
masking an area, buffer, or flyer plate with ground gauge 
stock and doctor-blading the "paste like" mixture to form a 
', 
flat top surface. The ground gauge stock was stripped from 
the buffer or flyer plate, and the charge was placed in a 
circulating forced-air oven at a temperature of 150°F for 
three hours to drive off the pine oil vehicle. The explosive 
charges were screened in layers that were a maximum of 5 mils 
thick, to form a composite charge. Each 5 mil layer was oven 
dried for three hours before the next layer was added. The 
charges were screened in 5 mil layers, because voids due to 
shrinking occurred in thicker layers. As a result, drying 
was not uniform and explosive properties could vary consid-
erably. Layers of 5 mils were the maximum thickness that 
could be doctor-bladed with only slight thickness and width 
changes (less than 1/2 mil) after the explosive dried. 
Thicker doctor-bladinp: produced. charge wideninr; which result-
ed in thickness decreases, because the explosive tended to 
The explosive would not detonate in the wet state. 
After drying, all exploe1ve charges were detonated by a 6 mil 
diameter tungsten wire that would glow "cherry-red" from the 
current supplied by a 6 volt "hobby" dry cell. 
Detonation Velocity and Density. The detonation ve~ 
locity of the explosive mixture was determined by measuring 
the travel time of an explosive train between two points. 
In this method, the detonation front travels the length of 
the charge and breaks three gold ribbons in sequence trig-
gering a voltage drop produced by the set-up shown in Figure 
5. This voltage drop was measured as a function of time on 
an oscilloscope. By knowing the distance between the gold 
ribbons at points 2 and 3, and by measuring the time of trav-
el between these points from the oscilloscope trace, it is 
possible to calculate the detonation velocity. A Tektronix 
564 oscilloscope was used to record the output from the cir-
cuit shown in Figure 5. This scope has a CRT with blue phos-
phors that make it possible to photograph traces at 1 and 2 
microseconds per division quite easily. Each trace was pho-
tographed with 10,000 ASA speed polaroid scope film. 
The explosive charges were screened on fiber buffer 
boards in various thickness, ranging from 5 to 32 mils. The 
charges were screened in three widths: 62, 125 and 200 mils. 
The gold ribl)ons t}1at were 11ser1 ricross the explosive chE1rges 
were r1ard drawr1 and were 1/2 mil thick by l} mils wlde. Re-
.. " 
cause of its properties, hard drawn gold waa used to provide 
oone1stent brea}<age as the detonation front passed. The 
• 
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gold ribbon was mounted through holes (30 mils in diameter) 
that were next to the explosive charge in positions 1, 2 and 
3 on either side of the charge. Each ribbon was strung 
through these holes, up over the explosive charge and out 
the back side. The ribbons were tightly stretched over the 
explosive charge and taped to the back side of the buffer, 
so that slack would not develope in the gold loop across the 
explosive charge. The wires were examined in a laboratory 
microscope at 40X, to insure that the gold ribbon was tight 
against the explosive charge. The buffer board was then 
clamped to a terminal block, which in turn, was connected to 
the electrical circuit shown in Figure 5. 
The explosive density was measured by an indirect tech-
nique. This technique consisted of screening explosive in 
5 mil steps on flyer plates of a known mass, density and 
thickness, and by measuring the explosive mass after drying. 
Because the explosive and flyer plate will occupy the same 
surface area, the mass ratio (R) of the explosive to flyer 
plate will be equivalent to a ratio of their densities times 
their respectlve thickness. Then, the explosive density, 
~, will be given by; 
where Pm• metal density 
tm = metal thickness 
(8) 
I 
- ;. 
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The masses were measured by a five place single part gram 
balance. The mass of explosive measured will be the mass 
of explosive material plus the mass of dried vehicle. The 
mass ratio must be corrected to consider only the mass of 
explosive. The mass ratio was corrected by measuring the 
we~ght percent of explosive in the dry state. The explo-
sive density can then be determined from equation (8). The 
:·f.lyer plates were cq·ld rolled gold 1 and 2 mils thick. 
Specifications on all metals used in this investigation are 
listed in Appendix B. The density of gold is listed as 
19.32 grams/cc, 18 and it was verified by measuring the vol-
ume and mass of four pieces. 
Pressure Profiles and Impulse. The pressure profiles 
were measured as a function of time for different explosive 
thickness. These pressure profiles were measured with a 
piezoelectric transducer in conjunction with a charge ampli-
fier and an oscilloscope. The experimental set-up is shown 
in Figure 6. A Kistler ballistic pressure quartz transducer, 
model 607C4, was tised in this set-up. This pressure trans-
ducer is desif71ed to meas11re shock waves and explosive pres-
sures. The rnoclel 607c4. transd.ucer has a 100,000 psi pres-
sure rane;e, with 1.0 psi resolution, ~ ,% linearity and a 
one microsecoi1d rise time. A Kistler solid state dial gain 
charr·e t1n1ri1i f'icr, rnoc1r~1 50ltA, was 11sed 1n cor1j1111ct1on with 
the t ran Gd u Ce r. A m O cl e l s ll 51:i. 11+ ( I\ j s t 1 e r ) r1] 11 rr - i r1 t · 11 t f~ r was 
l 
I 
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used in the amplifier to extend its frequency response, so 
that it would be possible to measure pressure profiles that 
have durations of less than three microseconds. The Tek-
tronix 564 oscilloscope was also used to record the pressure 
profiles at a sweep speed of 1 microsecond per division. 
Each pulse was photographed, so that it would be possible to 
accurately intergrate the area under the curve, to obtain a 
specific impulse value through equation(?). 
The explosive charges were placed in contact with the 
transducer mounting base and detonated at a distance of at 
least a quarter inch from the transducer. Explosive charges, 
that were approximately 3/4" squares, were screened in 5 mil 
* steps on Kapton sheets. After the charges· had dried, they 
were carefully peeled from their Kapton sheet, their thick-
ness recorded with a micrometer and placed over the trans-
ducer and detonated. In order to provide a comparision for 
the transducer measurements of the pressure pulses, lead 
azide was mixed with butyl latex, according to the procedure 
described by Voigt and Schmitt,31 and screened to 11 mil 
charges. By obtaining a specific impulse value for the butyl 
latex explosive with the transducer technique it will be pos-
sible to compare specific impulse values obtained by Voigt 
and Sc}11ni t t using the plate push technique. 
* Trade Mark of Dupont Co. 
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Miniature Bonding System 
The same charges that were screened for the density 
measurements were also used to form miniature bonds.· The 
flyer plates were 1/8" wi-de by 1/2" long. Each flyer plate, 
with an explosive charge, was bonded to a 10 mil tantalum 
sheet of approximately the same dimension. In all cases 
where bonds were made, the flyer and base plates were clean-
ed with ethyl alcohol and thoroughly dried before bonding. 
Spacing between the flyer and base plate was limited to a 
maximum of 5 mils. The space was controlled by shimming at 
the point of detonation and taping with 50 mil wide strips 
of transparent tape to provide support so that the entire 
flyer plate had a space between it and the base plate. The 
space was somewhat difficult to control, due to the slight 
curvature of the flyer plate that developed when the explo-
sive dried. The distance between the flyer plate and base 
plate was verified with a lab microscope at 40X that had 
a calibrated 20X eye piece. After the bonds were made (by 
the method previously described), approximately 1/16" of the 
bond was removed with a jewelers saw at the point of deto-
nation where the soaci11p· sl1im r1acl l)een olaced. The bonds . ~ 
were ther1 motmted for metallor1raJ)t1ic polish a.nd examination. 
A standard epoxy cast mount1nP: material was used with a 150 
mesh porcelain filler for eope retention. 
On another series of flver olRtes exolos1ve char~es ...., . .. r·~ 
I 
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were screened that were identical in size to the ones de-
scribed above. In this experiment, the flyer plate was 
spaced at a distance of at least 10 mils above the base 
' 
plate but less than 15 mils. The flyer plates were held in 
position by the same technique and their separation dis-
tance was verified as described above. These bonds were 
also mounted for metallographic examination. 
In another effort to evaluate spacing effects, a series 
of copper-nickel bonds were made with the bonded area on the 
end of a copper lead that was 1/8" wide by 5 mils thick. 
The explosive charge was screened onto the copper flyer plate 
at the end and fonned an area 1/8" wide by J/16" long. All 
explosive charges were 15 mils thick. These bonds were 
photographed under "black boxn conditions using a 35mm close-
up camera. The shutter of the camera was remotely opened, 
the bond was detonated with the glowing tungsten element and 
then, the shutter was remotely closed. The only light sup-
plied in photographing was from the bondin~ and the tungsten 
element that initiated detonation. Since all the explosive 
charges were uniform, the only varibles in this set-up were 
changes in the spacinG between the flyer and base plate, 
In order to evaluate the ed~e effects in the miniature 
system, a series of explosive charges were screened on 1 and 
2 mil gold flyer plates. The flyer plate anrl charge aize 
was l/r1" wide by 1" long. The explosive charF~es were 15 and 
·"-· .· ... 
. L ... ___ . 
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20 mils thick. Spacing was controlled to a maximum distance 
of 5 mils in all cases. The base plate was 10 mil tantalum. 
Four bonds were made with the end of the flyer plate even 
with the end of the base plate. Four more bonds were made 
with the flyer plate extending past the base plate edge by 
at least 1/2". A final series of four bonds were made with 
the base plate extending at least 1/2" past the flyer plate 
edge. Each bond was etched with a concentrated solution of 
aqua regia (2HN03 :1HCL) that removes the gold at the bond 
interface but does not etch the tantalum. After the etching, 
the bonds were observed with light and scanning electron 
microscopy. In addition, copper-nickel bonds were made in 
which the copper was etched away to show the nickel interface. 
Mechanical Bond Properties 
Microhardness data across the bond interface was mea-
sured with a Leitz Durimet (HV) machine. DPH indentor hard-
ness readings were taken on the 15 gram scale at 25 micron 
increments from the bond interface. Microhardness values 
were recorded for all types of interfaces, but only on the 
samples that had a bonding space of 5 mils or less. Micro-
hardr1ess valt1es wer'e obtr1ined t>)r averaP-ing readings from 4 
to 5 points at each ~5 micron increment. 
A separate series of twenty bonds (five sets of four) 
were made with b2 m11 wide gold ribbon that was 5 mils thick. 
These l)o11ds ware rnade 1r1 such a mu11ner as to f()rm A lead 
ill 
type bond to a 10 mil tantalum base plate. The bonded area 
was approximately 150 mils long. The 150 mil charge was 
screened in the center of a 3" ribbon in order to form a 
double lead bond. Each lead was bonded, with a space of 
less than 5 mils, to the center of a J/8" square piece of 10 
mil tantalum. Each set of bonds included explosive charges 
10, 15, 20 and 25 mils thick, therefore the twenty bonds 
make five sets. In addition, two sets of bonds were made 
in which tantalum ribbon formed the lead bonded to a gold 
substrate. These bonds were the same size as just described 
above except the gold base plates were 25 mils thick and 
much smaller than J/8" square. These bonds were mounted for 
metallographic examination so it would be possible to deter-
mine the influence of flyer plate material on interface type. 
After each bond was made, the direction of detonation was 
recorded on each tantalum substrate. After bonding one set 
(gold flyer plates) was mounted and polished for rnetallo-
graphic examination. Then two sets of bonds were peel test-
ed by bending each lead through 90° and pulling the lead to 
failure. The peel tests were performed on an Instron tensile 
testir1p- machir1e, model T. M., with a 10,000 gram loacl cell. 
Ea.cl: 1)onc1 lE~acl was fJlllled. at a 1/2° vatie·e lenrrth above the 
bond, 1n a direction that was oppoa1.te and then towan:ts the 
direction of detonation. Half of the pulled bon<la were 
mour1ter1 for meta11or~r'Elph1c exr1-mtnr1tion, 1n order to compare 
r, 
I 
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the interfaces to the unpulled bonds. The other half were 
examined with the scanning electron microscope. 
The last two sets of bonds were annealed- at 375°c for 
four hours to further test the integrity of the bond. Along 
with the bonds, five pieces of 2" lengths of gold ribbon 
were annealed so that it would be possible to determine the 
strength of the annealed gold ribbon. After the anneal, 
each bond lead was bent through 90° and peel tested in the 
manner described above. The five gold ribbons, that were 
annealed, were pulled in tension to determine their tensile 
strength. In addition, five cold drawn ribbons, that were 
not annealed, were also pull tested in tension. All gold 
ribbons were cut from the same spool of material. 
Melt Zone Analysis 
Bonds that showed evidence of melt zones in the light 
microscope after the metallographic polish were etched in 
a fresh 1:4 solution of aqua regia to water for JO seconds. 
This was to insure that the smeared gold from the metallo-
graphic polish was removed. The samples then received a 
final polish, with half micron diamond cornpo1ind., in a vibra-
tory polishing machine. After a s11i ta1)le polisl1 had been 
obtained, the samples were examined \'It th the electron micro-
probe in the nreas of lar~e melt zones. X-ray sca~s, for 
various 1na;::r11r·1catior1a; from 1~50 to f~5ox. In addttion, a 
composition profile in a 16 micron per minute traverse across 
the interface was taken across three bonds. Point counts of 
gold and tantalum were taken in regions of the melts at 850X. 
Each point count was taken for 10 seconds and three regions 
were checked in each sample to determine if a given region 
within a certain sample varied in composition. 
In an effort to determine more about the structure of 
the melt zone, the bonds that were molten or that had melt 
pockets were etched for viewing at high magnifications. In 
addition to the samples that contain melt zones, bond that 
showed no melt zones in the light microscope were replicated 
and viewed at high magnification in the transmission electron 
microscope. The carbon replicas were rotationally and di-
rectionally shadowed with platinum. In some of the samples 
that contained large wave formations, dark regions were no-
ticed in the melt zones (before the sample was etched and 
as viewed in the light microscope). Two samples that con-
tain these regions were viewed with the scanning electron 
microscope (unetched) at hlp:h rnap:-nification in order to de-
termine the nature of these dark areas. In addition, three 
samples that contained larp;e melt areas were etched in steps 
and a1 ter~c1 tely ·vi ew,~r1 w.1 t}1 elActron microscope 
1 n an c f r o rt to con t r o 1 t 11 t: t~ t ch 1 n r'" r· t-1 t e o f t r1 t~ rn t? l t z (J ?1 e , 
so the exact structure cottld be resolved at h111.h map:-n1ftcat1on. 
In an errort to identify the phase or phases that are 
-.•; .· -· ,·.·. ·.· .· .··.·· 
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present in the melt zone, bonds were made under conditions 
that produced severe melting along the interface. Two tech-
niques were used to identify possible phases. One technique 
used the diffractometer to identify the phase by its lattice 
parameter and diffraction pattern. A General Electric XDR-5 
diffractometer with copper radiation and a nickel filter was 
used to obtain the diffraction patterns. The other method 
used a universal camera designed for flat samples, in which 
the sample could be rotated during diffraction. Copper ra-
diation was also used with the camera, and the flat sample 
0 
was rotated 15 out of the normal plane to the X-ray beam, 
over a 25 minute period. The bonds were made with one mil 
gold and tantalum flyer plates, with explosive thickness 
of 15, 20 and 25 mils. Bond areas were 200 mils wide by 1 1 
long. The diffraction patterns were obtained nonnal to the 
bond interface, in which the gold and. tantalum were etched 
away in steps. The relative percent of flyer plate removed 
was monitored with a five place single pan gram balance. 
The gold flyer plates were etched away with a concentrated 
solution of aqua regia. The tantalum flyer plates were 
etched away with a concentrated solution of 2HF;1HN03 by vol-
ume. This etchant did not remove gold from the base plates. 
,• 
', 
'-l.4·:··. 
J.,.: 
·rv. RESULTS AND DISCUSSION 
Explosive Properties 
Detonation Velocity and Density. The technique devel-
oped for measuring the detonation velocity, described in the 
experimental procedure and shown in Figure 5, proved to be 
reliable. In measuring the detonation velocity, it was found 
that the velocity was independent of the width for the screen 
charges i.e., 62, 125 and 200 mils, that were less than 32 
mils thick. A plot of the detonation velocity-versus explo-
sive thickness is shown in Figure 7. The data is valid for 
charges up to 200 mils wide. Each data point that is plotted 
represents the average of four to five measurements for a 
given thickness. Figure 7 shows the spread in the data for 
a given thickness by flags. It can be seen that up to 12 
mils in thickness the scatter in data is relatively large. 
The spread in data can be attributed to the accuracy of the 
method which is dependent upon the consistency with which 
the gold wires break. Hard drawn gold wires were used to 
minimize stretching and elongating in order to produce con-
sistent breakage of the gold ribbon. Round ~old wires were 
tried, but char,(~es un(1er 15 n1ils in thickness nrodt1cecl incon-
sistent breakaR"e because the detonation fr·or1t ca11 riot exert 
' ' 
the same amount of force on a round, wire aa a flat ribbon. 
In ad,dl tion, the detonation veloc1 ty was recorded during 
... 
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bonding for the miniature sys~em. Due to the problem of 
metallic conduction of the base and flyer plates, and the 
inability to provide a consistent break -point for the gold 
ribbon, it was impossible to interpret the results of the 
oscillograms. In Figure 5 a typical oscilloscope trace is 
shown of a detonation velocity measurement. It was noticed 
that as the width and thickness of the charge increased, the 
stability of the traces became somewhat in question. This 
instability was due to the ionization of the air from the 
shock wave created by the detonating explosive. Ionization 
was induced into the circuit after the detonation front had 
passed the broken gold ribbons. An example of this type of 
interference is shown in Figure 8. It was possible to elim-
inate the induced ionization currents by increasing the 
voltage input into the circuit (shown in Figure 5) from 12 
to 22-1/2 vol ta. This, in effect, raises ,the voltage re-
corded in the system to a value hieher than the induced ioni-
zation currents and consequently, the cl1rrents did not show 
up on the trace. When the voltage was increased, it was 
necessary to increase the input voltage scale factor on the 
oscilloscope. 
In measurinR explosive density by the indirect techni-
que previously ~escribcd, it was necessary to correct the 
measured mass ratios for the percent of dry explosive. The 
maea loss, as a runotion of screen thickness, 1s shown in 
• I 
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.Table 1. Column three of Table 1 gives the mass loss in 
percent for screen thickness of 5, 7 and 8 mils. As the 
screened thickness increases the average mass loss also in-
creases. Because of a larger mass loss this will yield a 
higher percent of explosive in the dry state. The average 
weight percent of explosive in the dry state is shown beside 
column three. The results are somewhat unexpected, in that, 
there is an increase in the percentage of explosive material 
as the thickness of the screened charge increases. However, 
this seems to be in agreement with the observed drying char-
acteristics of the explosive. From column two of Table 1, 
it is noted that as the screen thickness increases there is 
a trend for greater shrinking of the explosive in the dry 
state. For example, the average dried thickness of a 5 mil 
screened charge was 4.8 mils thick. For charges that were 
screened 8 mils thick, the average dried thickness was only 
6.9 mils thick. Charges that were screened as large as 15 
mils, the dried thickness would be approximately 10 mils 
thick. Form this observation, it was concluded that the 
explosive particles settle towar(ls the bottom causinr~ the 
vehicle to rise to the top. As a result, more vehicle is 
driven off as the screen thickness increases because there 
1s less surface tens1.on, for a ,:,:1ven cross-sectional area, 
ho 1 d i r1 1--i- t r 1 c f) ,q r· t t c 1 e s o f 1 ea d Ei z 1 c1 e j n s 11 s p e r1 s t cJ n • 
With the knowi1 value of weip)1t J)ercent exploal ve for a 
··-
I 
~--
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given screened thickness, it was possible to correct the 
mass ratio of the explosive for the density measurements. 
The density values calculated by equation (8) are shown in 
Table 2. In the 18 density measurements an average value of 
1.62 grams/cc was obtained. In addition, Table 2 shows part 
of the bond data for the miniature system in terms of the 
mass ratio, R. Verification of the explosive density was 
made by measuring the volume and mass of rectangular pieces 
of explosive. The results were in good agreement with the 
indirect technique. 
The results from the density measurements produced 
values that were more accurate than the indirect technique 
because of the slight rounding at the charge edges, which 
in effect produces an inaccurate volume measurement. This 
indirect technique was selected because only an approximate 
value of explosive density was needed (i.e., 1 or 2 grams/ 
cc) to predict values for the detonation velocity and explo-
sive pressure from equation (1) and (J). However plotting 
the detonation velocity of lead azide at explosive densities 
of 2, 3 and l+- rrams/cc, a stratrr.rit line l-las obtained, as 
h . r-i r 22 s own 1 r1 r r: t1 r .. e ) • From Fi~ure 7, at the greatest char~e 
l f"V' . . ·-.r~ · ,, ., - 1 .. . _ ·.,,.-.,' tr i 1 ( r~ r, • 1 ) t} (1. t ti 1 f t • .. v . ~ n c ,.., '~' , ·-· n. 1 S • e . ,.. e \. J ~ l cl ,, 0 11 V e O C 1 , Y 
12,500 ft/sec. Py plottinr this detonation veloc1ty on 
Fi~ure 9 anc] by a linear extrapolation of this plot down 
to this dotonat1on velocity, then the explosive density 
..t -····-· 
,, 
., 
' 
,, 
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obtained at this point will be 1.63 grams/cc. This density 
is in excellent ·agreement with the average measured density 
of 1.62 grams/cc. Then the 32 mil charges, that have an 
explosive density of 1.62 grams/cc, have approached the true 
detonation velocity of lead azide. A thicker charge (than 
32 mils) will not increase the detonation velocity because 
the values in Figure 9 were obtained with 1" diameter 
charges. 22 From these results, it is evident that the den-
sity and detonation velocities that were measured by the 
techniques in this investigation are consistent with other 
findings. 22 , 31 
Pressure Profiles and Impulse. The results of the 
pressure profile measurements, as a function of explosive 
thickness, are shown in the upper half of Table 3 for the 
lead azide-pine oil explosive. In reviewing Table 3, as the 
thickness of the explosive increases, the duration of the 
pressure pulse ( recorded in col1unn two) decreases. Each of 
these values represents the average of five measurements. 
The decrease in duration of the pressure pulse, with increase 
charp:e tr1ickness, is lnconsistent with the detonation theory 
as presented by Rinehart and F1 earson 21 (except for tr1e 15 
mil explosive thickness). However, this decrease in pulse 
durat1on can be expected l)ecat1ae the detonatton velocity of 
1t .. n ( ..... r ,:, 'I ( ·.• ,( 'rl ( ,. { • 1"' l ') 1 ,~.1 n ~ ,v 1.· • - ... ,' " \ __ J t ... I,,__ "J l .a. .. p. i. \,.. ~ . . \. "' L.. ) J 
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as shown 1n Jt'1g11r-e 7. Since thf, <-1etonal1on f1'ont w111 travel 
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over the transducer face at a higher velocity for thicker 
explosive charges, then it is expected that the duration of 
the measured pressure would decrease~ 
The impulse was determined by integrating the area un-
der the pressure profile curve by a modification of Simpson's 
rule. A typical impulse curve is shown in Figure 10. After 
the average impulse value was obtained from five measure-
ments at a given explosive thickness, the specific impulse 
was calculated by using equation (7). These values are tab-
ulated in the last column of Table J. Because of the 100,000 
psi pressure limit of the transducer, the maximum thickness 
of explosive that could be measured was 20 mils. However, a 
plot of impulse versus explosive thickness produces a linear 
plot~ It is reasonable to extrapolate this curve to an ex-
plosive thickness of 25 mils and obtain a total impulse 
value of 193 psi-msec, which through equation (7) gives a 
specific impulse value of 0.290 lbf-sec/gram. 
Pressure profile measurements and impulse data, for 
lead azide mixed with butyl latex, are shown in the lower 
half of Table J. The butyl latex-lead azide would not det-
onate with the glowinr tungsten element; so it was neces-
sary to apply a 1/62" dot of pine oil-lead azide to one 
corner of this material. Then both explosives were placed 
1n the circulating air oven to dry out the pine oil-lead 
0 
az1de explosive. The charges were dried at 150 F for 2-1/2 
, 
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hours. The dried pine oil dot would detonate by the glow-
ing tungsten element which, in turn, would detonate the butyl 
latex explosive. The butyl latex explosive, before the pine 
oil detonator dot was added, was dried at ambient temperature 
(74°F, 40-50% relative humidity) for 48 hours instead of 24 
hours as described by Voigt and Schmitt.31 Drying for only 
24 hours resulted in charges that appeared to be wet and 
slightly "tacky". The charges were doctor bladed similar to 
the pine oil charges, except the sides of the ground gauge 
stock were left in place until the explosive material dried. 
The resultant sheets of explosive were approximately 1" by 
1" area and were not uniform in thickness. Of the five at-
tempts to screen a charge that was 11 mils thick, only one 
charge had this final thickness and the resultant charges 
are shown in Table J. Each data point shown in Table J, for 
the butyl latex-lead azide, represents only one measurement. 
The values listed in the Table show that the same general 
trend developes for duration, peak pressure, and impulse 
values as for the pine oil-lead azide explosive. The spe-
cific impulse was calculated, by equation(?), by assuming 
an explosive density of 1.5.5 ~rams/cc for the butyl la.tex-
1 e ad a z i d e exp 1 o s 1. 11 e . The d en s 1 t :1 o f 1 . 5 5 f7 ram s II c c~ .i s ob-
tained by assuming the mass of 1ea<i Rz1de wr1icr1 covered the 
area r:i ven by Vot 17:t and Schmitt, was accurate and produced 
1 f 1 11 a 11n · onn vo ume. ·.· In comparing their value or 0.19.5 
~ .. 
. ,.,. .. · , 
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lbf-sec/gram (8.7 X 104 dynes-sec/grarn) for 11 mil charges, 
to 0.268 lbf-sec/gram obtained by the transducer technique, 
it is evident that there is a difference in specific impulse 
values! This increase in specific impulse can be attributed 
to the differences in the techniques that were used to de-
tennine their values. Their (Voigt and Schmitt31) technique 
was the plate push technique which measured the velocity of 
a flyer plate that was driven by the explosive charge. Be-
cause the velocity measurement was made at a distance from 
the position of detonation, it is expected that the impulse 
values obtained would be lower because of the losses that 
are associated with moving the plate through a distance a-
gainst air resistance. Since there was no distance involved 
in the momentum transfer by the transducer technique, the 
impulse value obtained would be higher. Another factor to 
consider, for higher impulse values, would be the additional 
24 hours of drying time in ambient air plus the 2-1/2 hours 
0 
at 150 F which could easily increase the overall efficiency 
of the butyl-latex explosive because more inert ingredients 
would be driven off. 
Bonding Analysis. With the tabulated data obtained 
from the previous section, it was possible to analyze the 
bondiri.;r J1Il1"~1nH·tPrs for the golcl-tnntF1l1.1m system. By meaaur-
1np- t}1,~, rnn.:;r; r'rtt1C) 1 t}1r• flyf.:)y, fl]A.tr:• rtnd F·Xr)lQ~;ive thic},cr1eSS, 
1 t was poss1 bl r~ to p:enera tt1 the d,n ta shoW11 1n 'rabl e Lt. By 
I· 
.' 
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knowing the explosive thickness and density, and by deter-
mining the detonation velocity from Figure 7, it was pos-
sible to calculate the explosive pressure, P, through equa-
tion (3). These values are tabulated in column two of Table 
4 for different mass ratios. Again, by knowing the mass 
ratio (R = C/M) and the explosive thickness, it is possible 
to determine the specific impulse from Table J; then it is 
possible to calculate the plate velocity, VP, from equation 
(6). Plate velocity.values, as a function of mass ratios, 
are tabulated in column three of Table 4. With plate veloc-
ity values, it is possible to determine the interface pres-
sure through equation (2). Interface pressure and detona-
tion velocity, as functions of mass ratios, are tabulated 
in Table 4 in the last and next to last column respectively. 
In reviewing Table 4, it can be seen that in all cases the 
interface pressure, P1 , exceeds the tensile strength of the 
strongest material, tantalum. Because both materials (gold-
tantalum) were in the cold worked state before bonding and 
since there is little difference in yield point and tensile 
strengths for a heavily cold worked material, the tensile 
stren~th rather than the yield strenrth of the stronver I. 
-
materi.al can be used as a criteria that the interface pres-
sure must exceed. So that by using the tensile strenP,th, 
a marpin of safety is provided in predict1n~ bond1nv behav-
ior in an unknown system. In reviewinv the interface 
:-). 
.-:, 
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pressures, P1 , tabulated in Table 4, even the lowest mass 
ratio, R = 0.168 produces an interface pressure that exceeds 
the tensile strength of tantalum by over a million psi. 
Also reviewing the detonation velocities, Vd, tabulated 
in Table 4, it can be seen that the detonation velocity 
{Vd = V0 P) exceeds the sonic velocity of gold and even tan-
talum by about 9.5% in the highest case. This is in agree-
ment with the findings of other workers in secondary explo-
sive bonding systems. They have reported successful bonding 
in which the collision point velocities were 20% higher than 
the highest metal sonic velocity.5, 25 
Miniature Bo~ding System 
Interface Characteristics. The metallographic examina-
tion of the cross section of the bonds listed in Table 4 
indicate that it was possible to produce the three types of 
interfaces that are common to explosive bonding. Figure 11 
is a photomicrograph of a straight type interface. All pho-
tomicror1"taph in this section were of unetched samples that 
were photographed at 500 marrni fi cations and enlarred by 11% 
durinr subsequent film processing. In addition, the bonds 
were examined half way throu~h their width and parallel to 
the ci i re c t .i o :n o f' r1 e t o 1: ,~~- t l c) 11 • Fi r~ tl r c s 1 ? a r1 cl 1 1 s }1 o \"I t }1 e wavy 
and ll n 'i f O nn rn C 1 t t y J) e i n t e r fa C e S • rph e ma S S r a t 1 0 , 1 ! , the 
plate velocity, VP' and collision point velocity, Vcp' 
g1 ven 1n each f1 1p:tlre are found 1n Table 4 and can be used 
i: .. 
l 
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as a comparison for bonding system parameters. It was 
possible to define the transition from straight to wavy 
interface, and from wavy to uniform melt interface. Ex-
amples of these transition bonds are shown in Figures 14 
and 15. All of the bonds shown in Figures 11-15 had a bond 
space of 5 mils. Metallographic examination of the bonds 
listed in Table 4, show that in general, the wave height or 
amplitude increase as the flyer plate velocity or mass ratio 
increase. Increases in wave amplitude were always accom-
panied by a decrease in freq_uency, i.e. , the number of waves 
for a given length. A plot of plate velocity versus mass 
ratio is sho'Wn in Figure 16 for the bonds shown in Table 4. 
In addition, Figure 16 gives the interface type of the bond 
for a given mass ratio and summerizes the changes in inter-
face type from a straight to a wavy and finally to a melt 
type interface with increasinK mass ratio. 
Spacine; on Interface. r·1etallographi c examination of 
the bonds indicated that it was possible to distinguish be-
tween 5 and, 10 mi 1 spacin~ made under the same bondinp: con-
di tio11s. Typically, the wave formation }1.-1<1 Pt hirr}1er fre-
quency and smaller amplitude than t!1e 5 mil space bonds. 
A bond mad,e with the exact parameters as shown in Pip:ure 12 
but wi tr1 10 to 15 mil sp,acing is sl1own in l•'ir~11re 17. In 
10 rnil spacir1r~ were mtlci1 sn1fl.ller than tr1e n1elt areas made 
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with the same bonding parameters for 5"mil spacing. This 
is depicted in Figure 18, and it can be compared to Figure 
13 because both were bonded with the same parameters. In 
the bonds made with 5 mil spacing, it was possible to define 
the exact transition point from straight to wavy type inter-
face, and from wavy to melt type interface. However in the 
bonds made with 10 mil spacing, the transition points were 
not evident. 
In addition, the bonds made with 5 mil spacing showed 
a slight change in wave formation, amplitude and frequency 
in the same bond. This change is depicted in Figure 19 and 
20, which are photomicrographs of the same bond. Because 
the 10 mil spacing produced a change in frequency and amp-
litude of the wave formation from that of the 5 mil spacing, 
it is expected that a slight variation in spacing within the 
same bond would have similar influence. Due to the inabil-
ity to control the flyer plate spacing to a maximum of 5 
mils, this change in wave formation is expected. In order 
to control the wave formation, it would be necessary to con-
trol the spacin~ between the flyer plate and base plate 
with a hi~h derree of accuracy. 
The cor)r1e r-n i ckel tior1c1 s that were photographed with 
the close-up 15mm camera show that for an increase in spac-
1n~ there was a larfer amount of ionized air expelled from 
the plates as the plates collided. Fivures 21 and 22 
\ 
reflect the effect of an increase in space between the flyer 
and base plate .. Detonation was initiated by the glowing 
tungsten element (loop) shown on the right hand side of the 
photographs. By compensating for the difference in magnifi-
cation of the two photographs, Figure 21 has an ionized 
plume that is 2.24 times the length of its charge, while 
Figure 22 has a plume to charge length of 3.13. Because of 
the increased space for the bond in Figure 22, the plume was 
expected to be longer and larger because there was more air 
to remove from the plates. These photographs were selected 
mainly for their visual effects. Other bonds were made in 
which the flyer plate was in partial contact with the base 
plate and consequently produced a plume to charge length 
ratio of less than 1/2. 
Returning to Figure 22, it is noted that most of the 
light produced for photographing is from the ionized air 
between the plates. A relatively small amount of light was 
emitted from the explosive reaction and the explosive pro-
ducts can be seen trailing upward from the flyer plate with 
only a slight trace of white lonization. The amount of 
ionization producert by the exnlosive reaction and by the 
plate collision will be rol2ted to the pressure renerated 
in eRch case. For all mass ratios tabulated in Table 4, 
it can be seen that the collision impact press,1re 1.e., 
interface pressure generates a lar;::er pressure tht1r1 <loes 
t 
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the explosive reaction and consequently, ionizes the air 
to a greater extent than the explosive reaction. Then an 
increase in flyer plate space would cause an increase in 
volume of ionized air to be expelled from the plates during 
collision, as was observed in Figure 22. This increase in 
volume of air will cause the velocity components of the 
system to decrease. This adds support to the observation 
-
that as the bonding space increases, the wave amplitude de-
creases with a related increase in frequency, as was discus-
sed in this section. The frequency and wave length could 
be changed by changing the velocity components of the sys-
tem as was seen in the previous section. This also adds 
support to the higher specific impulse values obtained from 
the transducer measurements as compared to those values pro-
duced by the plate push technique. These lower values from 
the plate push technique could be due to velocity component 
changes resulting in the ionization of the air in the exper-
imental set-up, thereby producing a lower plate velocity 
which in turn would result in a smaller value of specific 
impulse. 
F<lge Effects. The edge effects observed were primarily 
an increr1se in wave arnpli tt1de, with an accompanying decrease 
in frequency at the edge of the bond. The ed~e effects 
were tmlil<e the offocta tn secor1c1f1ry syf;tems in thrtt l)ond1.ng 
re a tl 1 t .:~ d a t t r1 r, f~ ( l r· n o f t r1 e Thia 1.ncrense in 
I 
4.8: 
amplitude was observed in bonds that had a wavy type inter-
face, but it was not observed in bonds that had large regions 
of melt zones. In bonds that had the straight type inter-
face, edge effects were also observed at the edge of the 
flyer plate. At the edge of the straight type bond, a large 
wave formed that rapidly decreased in amplitude until the 
straight interface was formed. This rapid decrease in amp-
litude occurred over a distance of less than 25 microns 
from the edge of the bond. 
In the experiment to study the edge effects and wave 
formation in relation to the flyer and base plate edges, an 
increase in amplitude was observed in all three cases. The 
amplitude always increased when the flyer plate was even, 
when the flyer plate was extended past the base plate, and 
when the base plate extended past the flyer plate. In the 
case where the base plate extended past the flyer plate, 
i.e., the flyer plate ended within the base plate region, 
it was possible to observe the formation of the jet. The 
base plate acted as a witness stand similar to the experi-
mental set-up by Bergmann, Cowan a.nd Holtzman. 17 Figure 23 
is a scanninr~ electron microrcranh or an area at the encl of 
' .. .... 
the flyer J)late, which shows an increase in amplittl(ie from 
the edge effects as well as where the action of the jetting 
phenomenon has abraded the bAse plate. In this electron 
microrrr~ar)h, the ,~olcl has lJt~en etc}1ecl from t}1e tant.r1ltlm b-ase 
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plate with a concentrated solution of aqua regia. 
In addition, the copper-nickel bonds, that had the 
copper etched away, had edge effects as shown in Figure 24. 
It can be seen in this photograph that the increase in wave 
amplitude occurs over the periphery of the bond and produces 
a condition which will increase the bonded surface area and 
produce a superior bond relative to that of a straight type 
interface. In Figure 24, the point of detonation for the 
explosive charge was the semicircular region from which the 
wave formations propagate on lines that are normal to the 
direction of the detonation front. It should be noted that 
the radial burst of ionized air from between the plates, 
shown in Figure 21, corresponds to the direction of the det-
onation front that is represented by a normal to each wave 
formation in Figure 24. By following a certain wave (opposite 
the detonation end) along its crest, it is seen that the waves 
are not continuous across the bond. Figure 25 shows at a 
higher magnification this type of wave formation of a gold-
tantalum bond in which the gold has been etched away to show 
the wave forn1atior1s in tantalum. 
The increase in amplitude at the edRe of the bonds is 
related to the increase in the plate velocity at the edge. 
The velocity of the plate increases because at the ed~e there 
plates, as comrVlr(~d. to the 1n-ner s11rfn.ce. BecE111~:;p of this 
. " 
lower resistance at the edges, the velocity components at 
the edges of the plate will be higher, producing an increase 
in amplitude of the wave formation at the edges of the bond. 
In secondary explosive bonding systems, it is possible that 
the velocity components are high enough that bonding does 
·not occur at the edges as has been reported by workers in 
this field. 25,32 However, in the miniature bonding system, 
the edge effects are partly counteracted by the somewhat 
lower detonation velocity of the explosive, and by the slight 
rounding of the edges of the explosive charge. This slight 
rounding of the explosive charge would reduce the detonation 
velocity component and the flyer plate velocity component. 
Mechanical Bond Properties 
Microhardness. Microhardness readings were recorded on 
all three types of interfaces as well as the transition type 
interfaces and was found to be independent of interface type. 
The microhardness data was plotted in Figure 26, in incre-
ments of 25 microns from the bond interface. It was impos-
sible to take microhardness readings on the bonds that had 
the 1 mil gold flyer plates because the diagonal of the 
diamond indenter was approximately 25 microns (1 mil= 25.4 
microns). Figure 26 shows that there was no increase 1n 
hardness for gold across the interface. The bond_ed value 
was n f)J)ro): l n1a t e 1 y t?.q ual to th f:, }1a rdn es s ·value l)c f o r·e 11ond 1 ng, 
which 1a indicated by the d&ahed 11r1e. The rnicro}1ar~c1nf~8s of 
I 
' 
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' 2 the melt zones varied from 103 to 120 HV-Kg/mm (15 gram 
load), and are indicated in the center of Figure 26 at the 
interface region. On the tantalum side of the bonds, there 
was a distinct decrease in hardness as a result of bonding 
as indicated by the dashed line. The decrease in hardness, 
starting at a distance of 25 microns from the interface, was 
present in all five types of interfaces. This decrease in 
hardness at the interface (or close to it) has been observed 
by Pearson and Hayes in their aluminum bonds which were join-
ed with secondary explosives. 1 However, their tantalum bonds 
showed a definite increase in hardness at the interface. 
Since their analysis was on a macroscale and at increments 
40 times the increments used in this investigation, it is pos-
sible that they were not able to record readings within 25 
microns of the interface and as a result would not detect the 
changes that were observed in this investigation. 
Because both the gold and tantalum were in the severely 
cold worked state, it is possible that the pressure wave from 
the collision region did not increase the dislocation den-
sity substantially, as has been reported in secondary explo-
sive bondinr systems. 24 , 29,JJ Since a high dislocation den-
sity was present in the cold worked materials before bonding, 
it is quite possible that the pressure wave was sufficient to 
produce dynamic recovery at the interface of tantalum, wh1oh 
wou1d acco11nt for the o1)sez,ved microhar'(tness decrease. 
rl 
Microstructural changes that are responsible for producing 
dynamic recovery in explosive bonds have been reported py 
. 24 29 33 · 1 Lucas et al, Trueb, and Buck and Hornbogen. Dis oca-
tion densities as high as 5 X to11/cm2, dislocation cell 
structures and networks, subgrain boundary formation within 
highly deformed grains, and fine microtwinning occurring in 
the vicinity of the bond interface have been observed by 
thin foil transmission electron microscopy. 24 •29,33 Hardness 
increases have been related to these microstructural changes. 
Buck and Hornbogen33 have stated that the pressure wave gen-
erated in the collision would produce a uniform distribution 
of dislocations and that the rearrangements, i.e., cellular 
dislocation structure or subgrain boundaries, that have been 
observed are the result of localized heating by the passage 
of the pressure wave front. In other words, the uniformly 
distributed dislocations produced by the pressure wave are 
rearranged to form, typically, subgra.in boundaries within a 
highly deformed grain stnicture. Buck and Hornbogen 33 also 
reported that as the distance from the interface increases 
the effect of the thennally activated processes (recovery 
and recrystallization) decreases and a more uniform distribu-
tion of cells i9.nri dislocation networks are found. This ob-
0 J, 
r,r I'll ,:-. t) 1 L t \'/ } ~ 0 f1 (1 S re no r t e ci 1 C) c ,~1 l i z t:~ d 
• 
recovery and recrystallization in explos1 ve t)ond 1ntF~rft1ces. 
The decrease in hardness 1n aluminum bonds reported by 
- --·.·· _-;_' ·• - -;;, - . . 
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Pearson and Hayes1 is substantiated by Lucas et ai, 24 in 
which softening occur at the interface by the formation of 
subgrains. The formation of subgrains, which is a mechanism 
of dynamic recovery, takes preference to dynamic recrystalli-
zation in explosive bonding. Dynamic recovery would be the 
more obvious mechanism of observed hardness decreases because 
of the extremely short duration of the bonding process, typ-
,. -6 ) ically ~ X 10 seconds (Table 3. Dynamic recovery occurs 
by the predominate movement of screw dislocations that are 
able to climb and cross slip into a less strained configura-
tion, where as a dynamic recrystallization process would re-
quire time dependent growth of a relatively strain free grain 
by dislocation rearrangement.34 
For the gold-tantalum bonds the observed softening of tan-
talum at the interface (Figure 26) could be due to a similar 
dynamic recovery mechanism in which subgrain boundaries or 
microtwins form. The lack of hardness change in gold could 
be related to this materials low stacking fault energy.34 
Since gold has a low stacking fault energy, it would provide 
little resistance to forming stacking faults, extended dis-
locations and twins in response to the applied pressure wave, 
and as a result it would be unable to form s11br:rrains and ' ; 
hence no dynamic recovery. Because there is no J)reference 
for dynamtc recovery and. no apparent recrystallization (de-
creasE~ in r1(9.rdnes8), the micror1r1r~1nesa of the gold would not 
be expected to change a great deal as was observed in Figure 
26, since it was in the cold worked state before bonding. 
Microhardness of the melt zone will be discussed in the Melt 
Zone Analysis section. 
Bond Peel Test. In the 90° peel test no bond could be 
separated from the interface. In all cases lead failure 
occurred. Lead failure was due primarily to the deformation 
of the bond lead in the bonded area. This is illustrated 
in Figure 27 in which the lead has increased in width at the 
bond zone. The strength at which each lead fails is given 
in Table 5. :Each bond strength represents the average value 
obtained from four peel tests. In reviewing Table 5, the 
average lead strength in the "as bonded" condition increases 
slightly with increased explosive thickness. In recording 
the data from the peel tests, it was noted that the bonds 
did not display an increase in strength with or against the 
detonation direction. The average lead strength of the gold 
ribbon in the unbonded condition was 5200 grams, which is 
an ultimate tensile strength of 37,000 psi. 
A typical lead fail 11re is shown in Fig11re 28, in wh1 ch 
the lead failure occurred at the tombstone shape end. In 
addition, in this scanning electron micrograph, it can be 
observed that there is a deposit of flOld on the base plate 
that r't:s1-1ltc:c1 from Jr~ttir1r,,·. Thts ton1l:,~;tor1c~ s}1Ftf)(~ WfiS common 
to all the honrls thnt were peel tested, and it was also 
j 
·' 
.. 
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observed in the copper-nickel bonds. The tombstone sh~pe 
was the result of the absence of bonding at each corner. It 
is quite possible that the bonding did not occur at the cor-
ner, because the increased plate velocity component at the 
edges resulted in velocities that were high enough to create 
edge effects similar to the ones observed in secondary ex-
plosive bonding systems. 
0 The bonds that were annealed at 375 F for four hours 
had no interface failures, and the tombstone shape of the 
peeled bond persisted. At this temperature and time, the 
gold ribbon had gone through recovery, recrystallization, 
and through a considerable amount of grain growth. 18 As a 
result, average breaking strength of the annealed gold rib-
bon was only 1848 grams. The average breaking strength of 
the annealed bonds showed no clear trend in strength. As 
shown in Table 5, bonds made with explosive charges that 
were 25 mils thick had the greatest annealed strength, and 
they were approximately equal to the average strength of 
the annealed vold ribbon. 
C ) 
r•1etallor·ranhic examination of the gold-tantalum bond 
interfaces showed that no interface distortion occurred 1n 
the peeled tested bonds when they were compared to non peel 
t t ' { 1 <1 f.'i ·. '1 ( . • (::0 e ~J ., .·, 1 .. ) r1 c I.J • Since lead failure occurred at the ed~e of 
thf: lc ... ·td, n ltlrf:e rtn1ot1r1t ir1Lr~r·fr1ct~~ distc)r·t·io11 .-101.11c1 riot be 
expected to occur. In aciciit1on, the p~olcl-ttintal12m lioncls 
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that were made with tantalum flyer plates, metallograph 
examination showed that interface type was not a function 
of flyer plate met·al, but the interface type depended on 
the mass ratio as shown in Figure 16. 
Melt Zone Analysis 
Composition of Melt Zo~es. Electron microprobe data, 
which represents point counts for gold and tantalum are 
shown in Table 6. Of the 18 bonds shown in Table 2, only 
six of these bonds had melt zones that were larger than 
four microns in width. Three regions were chosen in each 
bond to obtain point count data. :Each region listed in Table 
6, for a given bond, represents the average value obtained 
from three separate 10 second point counts for gold and tan-
talum. From the data shown in Table 6, it can be seen that 
the tantalum content of the melt zone is approximately 20 
weight percent. The composition varies from 18.22 to 21.24 
weight percent tantalum for the 18 regions checked. The 
composition, from region to region and from bond to bond, is 
constant within this J.% range, which represents a variation 
that is less than the generally accepted accuracy of the mic-
roprobe. It should be noted, that although the composition 
was constant from bond to bond., this means the melt zone 
composition is inc1eJ)t=~ndent of th0 explosive l1ond1-nf7, J)tsrameters. 
An X-ray sc.qn for r~old .:1r1cJ tt1ntal1.1rn, at 850X, are shown 
in Figures 29 and JO respectively, with the light photom1cro-
I 
'""""' .............. , ..... ,., .. , 
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graph of the same area shown in Figure 31. The light micro-
.. 
graph in Figure J1 is the inverted image of the X-ray scan 
of Figures 29 and JO. In examining Figure 29, it can be 
seen that the tantalum atoms were mixed uniformly within the 
melted region of the bond, in particular the large semicir-
cular area as indicated by the arrow. In Figure 30, in the 
area of the interface, it is possible to see a decrease in 
intensity of gold in the melt zone, as compared to the in-
tensity on the gold side. The arrow in this photomicrograph 
points out the start of the interface, and it is possible to 
trace the interface, from the relative intensity of the gold 
on either side of the interface, with the aid of Figure Jl 
as a reference. 
A composition profile across the bond interface is shown 
in Figure 32. The diffusion profile was plotted for gold 
and tantalum in which gold is represented by the solid line. 
From this profile, the melt zone was approximately 20% tan-
talum and from the width of the plot, the melt zone was about 
four microns wide. The profile is characterized by a sharp 
transition at the interface, whic~ ,is characteristic of a 
diffusionless interface. These results are in agreement 
with the findings of TruebJO and his conclusion that explo-
s 1 v e b o Tl d s cl re cl i f f tl s i o 11 l e s s even w }'1 f~ n rn e 1 t l n ,C( o c cu rs • 
P r1 [1 ::: c~ ; ; i n r·: 0 1 t. >~ CJ r1 (~ • X - ray d i f f ra c t i on pa t t e rn s sh owed 
that the me1 t zonE, was a mixture of p:old and tantalum w1 th 
., . 
the relative intensities increasing as the other element was 
etched away. The universal camera verified the results ob-
tained on the diffractometer. In addition, no intermetallics 
were present and no metastable phases were detected. The 
pattern obtained from this modified Debye-Scherrer camera 
indicated that the melt zone was extremely fine-grained and 
it showed no preferred orientation. In addition, when the 
tantalum was etched completely from the bond the melt zone 
pattern showed no evidence of tantalum lines but indicated 
an increase in lattice spacing for the gold pattern. This 
increase in the lattice spacing of the gold in the melt zone, 
indicates that the melt zone was a solid solution of gold 
with tantalum atoms substitutely mixed throughout. Further 
indication that the melt zone was solidified gold that has 
absorbed tantalum atoms, comes from the fact that Raub, et 
al, 19 have reported an affinity for tantalum atoms in gold, 
and they have reported no apparent solubility of gold in 
tantalum. Recallin& from a previous section that the micro-
hardness of the cold rolled gold was approximately 40 Kg/mm2 
as compared to 100 Kg/mm2 for the melt zone. It is possible 
that this increase in hardness of the melt zone is due to 
the solid solution hardenin~ of the ROld by the addition of 
tantalum atoms to the p;old matrix. Haroenin,z can also be 
attrib11ted to the fine Fr.rain str11cture as well aa a hiP:"h 
oonco11tr·atlor1 or· r],]fccts r<~nt1ltinp; from the rapid q11ench. 
··1·· 
Structure of the Melt Zone. To view the melt zones at 
high magnification in the transmission electron microscope, 
a number of samples were etched in an effort to obtain car-
bon replicas of the bond interface. Difficulty was encount-
ered in removin.g the formvar that was used to produce the 
replicas because of the step that formed at the interface 
which resulted from etching. The formation of this step has 
been encountered by others24, 29,J0,33 who have attempted 
replication of explosive bonds. To counteract the formation 
of the steps at the interface, the sample was etched for 
both gold and tantalum, so that the surface of each metal 
would be removed at approximately the same rate. This pro-
cedure would minimize the step at the interface that results 
in preferentially etching only one element. A limited a-
mount of success was obtained with this method, although the 
quality of the replicas was somewhat in question. It was 
believed that the melt zones tended to be far more reactive 
to the etches than either base metal. 
However, success was obtained on the sample that is con-
sidered to be a transition interface of the straight to wavy 
type. Although this bond showed no melt zone when it was 
examined with the lieht microscope (Figure 14), examination 
of the replica at high magnification proved that the sample 
contai:r1E~c1 sn1al] rne1t r)ockets. Fip:ure 11 is an example of 
one of· these small areas. The white rev.ions 1n the electron 
;' 
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micrograph were the result of directional shadowing along 
the interface with platinum. Although the number of these 
areas were small in comparison to the interface length, 
these pockets of solidified melt do exist, even under con-
ditions that they were not expected to form. 
Because of the diffi.cul ty encountered in making rep-
.licas, a number of samples were etched in steps and viewed 
with the scanning electron microscope. Figures J4, 35 and 
36 are examples of the structure in the melt zone. The etch-
ing of the melt zone was difficult to control, even in steps, 
since the etch seemed to have no effect on the melt zone 
during the first three or four series of five second etches. 
Then in the next etching step, the melt zone had reacted and 
a pit was fonned similar to the one shown in Figure 36, in 
which the melt zone is seen as a cavity. In addition, the 
sample whose structure is shown in the replica micrograph of 
Ftgure 33, was viewed with the scanning electron microscope 
at the same magnification. A typical discrete melt pocket, 
similar to the one shown in Figure 33, is shown in Figure 
J7. It should be noted that the melt zone has formed a cav-
1 ty similar to the one shown in Fl gure 36. 
The scanning electron microscope was also used to ver-
ify the cooling voids found in some samples. These cooling 
• I'C f"r l ()!I ~J l i1 t }1 E~ me 1 t & r·{~a ~; of E~ om e 
wave c res t 6 , t y J) 1 c t111 y s r1 own 1 n I~' 1 p: 11 rt=~ j E1 , w h 1 ch 1 s a 11 gh t 
:.. 
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photomicrograph. The sample had not been etched, and it is 
difficult to resolve the gold-melt zone interface. Figure 
39 is a scanning electron micrograph of the void shown in 
Figure 38. As can be seen in Figure 39, the dark region is 
a void, and it is still impossible to distinguish the gold-
melt zone interface, even at higher magnification. This 
void apparently formed as the result of rapid cooli:n.g of the 
melt from the liquid state. 
In reviewing the results obtained from analyzing the 
melt zone data three areas need to be discussed in detail. 
The first area is the constant chemical composition of the 
melt zone despite the large change in bonding system para-
meters. The second area is the increase in microhardness of 
the melt zone over the value of gold. The final area to con-
sider is the etching rate of the melt zone and the resulting 
structures that were observed in these etched areas. 
In an effort to analyze the constant chemical composi-
tion found in the melt zones, information about the gold 
tantalum system that has been reported by Raub et ai, 19 
must be reviewed. Up to about 1000°c they have reported that 
the solubility limit of gold (solid solution) is about 10 
weight percent tantalum. In gold rich alloys they have re-
ported a eutectic reaction between FCC gold and a BCT inter-
meta111 c compo11r1d, TaA11 within the ranfe of 12 to 42(; tan ta-
1 un1. i1eca 11 n P tr1e me~ 1 t zone G al ways f'o 1111ed at a constant 
' ; 
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chemical composition, it is quite possible that the melt zone 
formed as a eutectic alloy that would have a lower melting 
point than either of its components. However, the interme-
tallic compound, TaAu, which has a distinct lattice para-
meter as reported by Raub et ai, 19 was not detected by X-ray 
analysis or from replication electron microscopy. If the 
melt zone was a hypoeutectic alloy that had gold as the pri-
mary phase, and since it was exposed by chemical etch for X-
ray analysis, it is quite possible that the eutectic struc-
ture that contained the intermetallic was more active than 
either base metal and consequently was etched away and not 
detected in the diffraction patterns. This eutectic st,ruc-
ture, in conjunction with the fine grain size could also 
provide a mechanism for the observed hardness increase of 
the melt zone. This theoretical eutectic microstructure 
would also increase the activity or etching rate of the melt 
zone. It might therefore be possible that the interrnetallic 
was etched away and pits similar to Figures J4-J6 formed. 
Since pits formed in the etched melt zones, it is pos-
sible that the intermetallic was part of a gobular type 
eutectic microstructure. High coolin~ rates have been re-
ported for the melt zones in exnlosive bondin~. Cowan and 
16 Hol tzmann have estimated a coo11nr: rate for a half micron 
melt layer at lO_q seconds and typically 10-5 seconds for a 
)J micron layer of nickel. Because of the high cooling rate, 
j 
' 1-
63 
a large amount of super cooling will be available to provid-e 
the driving force necessary for nucleation. To form a dis-
crete gobular particle in a gobular eutectic structure will 
require repeated nucleation of the intermetallic phase.35 
It should be noted that this repeated nucleation produced 
the extremely fine·grain structure that was detected in the 
gold-tantalum melt zones in the X-ray analysis. As a result, 
it is reasonable to conclude that a large amount of super 
cooling did exist since a large number of nucleation sites 
are needed to produce the fine grain structure. The fine 
grain structure is produced because each individual nuclea-
tion site does not have a great deal of time to grow into a 
large grain. Because of the large amount of super cooling 
that is available in explosive bonding, the critical nuclea-
tion site radius will be drastically reduced and thereby a 
gobular. type eutectic structure might be produced. 
The formation of the eutectic structure could explain 
the constant chemical composition of the melt zone when the 
bonding parameters varied considerablely. This eutectic 
structure COllld. also help produce the hardness increases of 
the melt zone and explaj_n the increased activity of the melt. 
As pr P v i o ti s J ~l s pc c 111.'1 t ed. , it is DOHBil-)le that the tntermetal-, 
lie wRs removed by Lhe chemical etchin~ and did not show up 
in the X-ray analysis. To verify the ex1.atance or absence 
or th£:t ir1tennetallic with certa.tnty it would be necec:;sary to 
£ 
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remove the flyer plates from the melted regions by mechanical 
methods in order to expose a large enough area of the melt 
zone to obtain a diffraction pattern. 
·, 
v·. SUMMARY AND CONCLUSION:S: 
Explosive Properties 
It was found that the detonation velocity and density 
of the pine oil-lead azide explosive measured in this in-
vestigation are consistent and are related to each other 
through a linear plot of detonation velocity versus density. 
Pressure profile data that were used to obtain specific im-
pulse values of the lead azide-pine oil explosive by the 
transducer technique produced higher values than other tech-
niques. This inconsistency in specific impulse values is 
due to the fact that the transducer technique produces a 
more accurate value, in terms of a miniature system, because 
there are lower energy losses in the miniature set-up. 
Miniature Bonding System 
It was possible to produce the three types of inter-
faces common to explosive bonding and define the system 
parameters under which each type of interface could be pro-
duced. It was possible to form bonds that had a detonation ... 
velocity (collision point velocity) that \vas hig-her than the 
sonic velocity of tantal11m by a1Jo11t 10l1. Velocity comnonent 1.~-
.'1, 
losses in the miniature bonding system are indicated because 
b-ondinr~ resulted at colltsion point velocities that exceeded 
the :-:;011ic velc)ci t 1r. 'Thes,-~ ,,e.lo(~i t,.r loss0s P ... rodt1cec1 chan,:res .. • l..i 
<I ~ 
1 n 1 n t e r fa cf~ ch Et r .. ~1 c t e r i ~: t i c s r1n cJ ·.11 a v e f o r,11 n t 1 on s .ctn (1 r1 r c 
66 
.. 
responsible for the edge effects observed in the miniature 
system. The edge effects increased the bond area contact 
and are not detrimental to the bond, as they often are in 
secondary explosive bonding systems. In addition, it was 
possible to observe areas of the base plate that had been 
abraded by the action of the jet. The pressure waves gen-
erated in the collision region exceed the tensile strength 
of cold worked tantalum by well over a million psi, even 
when the bond had a straight type interface. 
Mechanical Bond Properties 
For the bonds that had a lead, no interface failure 
occurred, and lead failure resulted by overloading the gold 
lead. The microhard.ness decrease that was observed in the 
tantalum, is the result of dynamic recovery through dislo-
cation interaction. The melt zone hardness increase over 
, the gold value is due to the phenomenon of solid solution 
hardening, to the extremely fine grain structure, and to 
the possibility of a eutectic microstructure. In addition, 
the therinal cycled bonds did not produce a brittle failure 
and proved that the bond was capable of wi tl1s tandinr: a 
thennal cycle. 
Melt Zone Analysis 
It was possible to bond under conditions that produced 
me 1 t 1 r1 rr F1 f: • l ·, ·1 tj ~- ·~ r I ".'.l (" ~ 
. " . t, (,' . ; r:.. '-' f:, • fJl (' 1 t-. 1: l' 1 t'·~ n t- ... \.1 e 
• • Ji. , • • , ( 'i., ,I t ,I l :, 
inter!~ace, the comr.Jos1t1on profile across the tar1tall2m-rr1,.:lt 
..: 
-·- _:_:._.. . ' 
I 
and the melt-gold interfaces was distinct and each zone 
had its unique composition. This indicates that there was 
no large scale diffusion across these interfaces. In ad-
dition, the composition of the melt zone was constant, al-
I 
though the bonding pararnet·ers changed and the plate velocity 
varied by over 2500 ft/sec. In addition~ the melt zone 
apparently contained no intermetallic compounds that are 
common to the gold tantalum system. No non equilibrium 
phases or eutectic microstructures were detected, but the 
melt zon~was highly reactive to etchan.ts because it had 
experienced a rapid quench from the liquid state. The melt 
zone was a super saturated solution of gold that contained 
a non equilibrium quantity of tantalum, as was determined 
by the X-ray and microhardness results. 
APPENDIX A 
EXPLOSIVE MIXING PROCEDURE 
Collodial lead azide (PbN6), that has an average par~ 
ticle size of 3.4 microns, was mixed with a squeegee screen-
ing vehicle. This screening vehicle was #163-C which is 
made by L. Reusche and Company of Newark, New Jersey and has 
the approximate consistency of bee's honey. The basic in-
gredients of the screening vehicle are pine oil and ethyl 
cellulose that are mixed in the approximate proportions of 
12% (weight) ethyl cellulose. The amount of ethyl cellulose 
can be varied to control the vehicle screening properties, 
but no alterations were made to the purchased vehicle in 
this investigation. The vehicle was mixed with powdered 
lead azide in proportions of 70 weight percent lead azide 
to JO weight percent vehicle. 
All weighting and mixing was performed behind protec-
tive barriers and with other appropriate, and necessary, 
safety equipment. All mixing and weighting was done by the 
personnel of ICI America, Inc. of Valley Forge, Pennsylvania. 
The explosive was mixed in batches that contained less than 
two ~rams of lead azide. The weight of each ingredient was 
mon1 tered with a four place single pan g-ram b.alance in or-
der to obtain a 70/10 weight percent ratio of explosive to 
vehicle. 
After the vehicle had been added to the powdered lead 
69 
azide the mixture was hand stirred behind appropriate bar-
riers. Mixing continued until .all the lead azide powder had 
been wetted by the vehicle, and the mixture was lump free. 
The lumps that developed during mixing were carefully broken 
up during the hand mixing operation. The resultant mixture 
had a consistency of toothpaste and had excellant, .- screening. 
properties. 
~· _ __:___. , _,._. __ 
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APPENDIX B 
METAL SPECIFICATIONS 
Gold. The gold used in this investigation was obtained 
from Consolidated Reactive Metals of Mamaroneck, New Yor~ 
and .. was certified 99.99% pure. The gold was finished to 
final dimensions by cold working. 
Tantalum. The tantalum used in this investigation was 
a Marz Grade that was obtained from Materials Research Cor-
poration of Orangeburg, New York. The tantalum was of the 
highest purity and quality, was electron beam zone refined 
in a vacuum of 10-6 torr, and cold worked to size in clean 
room conditions by rolling. The tantalum was certified in 
purity content and only two elements were present in excess 
of 10 parts per million. These elements are carbon at 10 ppm 
and niobium at 25 ppm as specified by the supplier. 
Nickel. The nickel was obtained from Somers-Thin Strip 
Metals of Waterburg, Connecticut. The nickel was a commer-
cial grade 200 alloy that was in the annealed condition. 
Copp~r. The copper was also obtained from Consolidated 
Reactive r,ietals and was an OF commercial grade that was in 
the cold worked state. 
) 
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TABLE 1 
·:,. 
MASS LOSS DURING DRYING 
Screened Dried Mass Thickness (mils) Thickness (mils) Loss ( % ) 
5 5.0 7.23 5 4 .. 5 t).6e 5 5.0 9.59 5 4.5 7.86 5 5.0 9.JO 2 '). 0 7.32 Avera~e 5 4.8 H.33 - 76 .- 3o W'1i%; Exp Dry 
'. 
7 6.0 11.~3 7 6.5 13.6H ·'-0 
'° 
7 6.5 9.59 7 6.0 9.24 7 6.5 14. '11 1 L..Q 13.20 Average 
·1 6.4 12.04 - 7'9 •. 58 Wt% Exp Dry -
8 7.0 15.33 8 7.0 14.39 tl 0.5 10.37 j. tj 7.5 13.14 8 6.5 lb.55 -Average ~ 6.9 15.16 - 82.51 Wt% Exp Dry I 
'I 
It 
II 
II 
. / m 
+"•, - ·-- - •. ._. •' .;·-- - - ---. - ---+·---c-.,·-~,-, -- - •• - . 
Au ,EJcp Au 
_thick Dried Mass Sample ,{mils ) thick 
~grams~ 
1 1 18.5 .03470 2 1 18. _5 
.03409 
' 
2 18.5 .08865 
2 18.5 .08475 ; 1 8.0 
.02776 6 2 6.5 .08002 
7 1 13.5 .02767 8 2 12.5 .07782 9 2 22.5 .06945 10 1 19.0 
.03207 11 1 18.5 
.02973 12 2 19.0 .08754 
~, 2 19.0 .08963 1 8.0 
.02852 15 2 7.0 .08273 16 1 13.5 .03357 17 2 12.5 
.07932 18 2 23.0 .07742 
Q1ABLE 2 
DENSITY DATA 
Exp+Au 
mass 
(grams) 
.10780 
.10400 
.15331 
.17826 
.05181 
.11105 
.06639 
.13276 
.15574 
.09843 
.09164 
.17833 
.17320 
.0_5455 
.11653 
.82810 
.13365 
.17860 
.Corrected 
Exp Mass 
Jgrams) 
.05599 
.05338 
.05975 
.06606 
.01836 
.02369 
.02957 
.04195 
.06589 
.05067 
.04727 
.06933 
.06382 
.01988 
.02582 
.03759 
.04148 
.07727 
Exp Density 
R Eguation {8} 
-
T 
1.620 1.69 
1.570 1.64 
0.674 1.45 
0.779 1.63 
0.662 1.60 
0.296 1.75 
1.070 1.53 
0.539 1.67 ~ 0 0.949 1.63 0. 
1.580 1.61 
1.590 1.66 
0.792 1.61 
0.712 1.45 
0.697 1.68 
0.312 1.73 
1.120 1.60 
0.523 1.62 
0.998 1.68 
1.62 Avg. 
' ' 
/~ 
!11 P"! -..11 . ., •. 
Exp Thick 
(mils) 
5 
8 
10 
15 
20 
7 
8 
9 
11 
20 
.. 
Top half of 
Duration of 
Pressure-usec 
5.2 
4.4 
4.2 
3.5 
3.7 
4.o 
4.6 
4.6 
J.8 
3.8 
TABLE 3 
PRESSURE PROFILES* 
·Peak Pressure 
(psi) 
19,250 
37,2.50 
48,400 
84,750 
95,200 
BUTYL LATEX-PbN631 
26,000 
30,.500 
40,000 
49,000 
103,000 
Impulse 
Area(psi=msec) 
34.5 
59.0 
74.5 
120.0 
147.9 
40.2 
.52.0 
73.4 
76.0 
194.8 
Table is lead azide-pine oil explosive data. 
I 8 ( 7) (lbf-iec/gram2 
0.256 
0.258 
0.268 
0.278 
.... 
I 0.288 0 ~ 
I 
0.226 
,. 
0.240 I, 
11 
I 
0.261 ,I I 
1 
0.268 ~ 
0.360 
'., 
ii 
II 
I 
., 
:1 
i: 
1,1 
f 
!! 
/ [ 
'1 
,, 
,,. 
1! It 
r 
rr. 
--=·-·..::;·"""""· .. 
.. 
--- :· :-.-·- ·- ;!-
Mass Ratio 
( R ) 
0 1 i~ ;.. . '. •. 
0 l oc:: 
• a c·l 
0.251 
,,._ _... 
0.292 
0.;12 
0.337 
0.422 
0.488 
0. ,52 3 
0.539 
0.662 
Exp. Pres. 
p eq • ( '3 ) 
... . 
( l) s i ) 
l,010,G90 
1,010,990 
1,096,100 
1,096,100 
911,880 
938,090 
1,235,930 
1,235,930 
1,266,J~O 
1,266,380 
1,040,500 
1,048,500 
956,500 
TABLE 4 
BONDINrr ANALYSIS 
Plate Vel. 
vf eq. ( 6) 
ft/sec) 
658 
763 
1,027 
1,187 
1,111 
1,171 
1,418 
1,641 
1,787 
2,067 
2,085 
2,150 
2,495 
Det. Vel. 
vd fie:. 7 
tft/sec) 
10,900 
10,900 
11,350 
11,350 
10,350 
10 -:500 ' . . . . 
.:1::2, 0:.50 
:12 , ·o·:5:0 
:12., 2::00· 
.12, 200 
11,100 
11,100 
10,600 
Interface Pres. 
Pi eq. ( 2) 
(psi) 
1,~44,000 
1,926,000 
3,025,000 
3,005,700 
3,126,000 
3,292,000 
3,984,000 
4,152,000. 
5,026,000 
5 231 . oo·o 
' ' . . 
5, ·8_56-, 100 
:6 ;, 041 , OClO. 
7 ,, ().08 ,: 0{),() 
• -._ .• ,.,. -•. •-;-·.--·~- •• -., .... ~---- .•• .,, -~·•• - • - - •.-•·,•--.·- r -. •,' •. •-•• -- ••• •·.'-,·--·-··-~·-"•"•·• C>•-•-;,",•<-.,s,·,•.-·•---~•·•·-c.· ~-
:[ 
I 
1 
I 
''f~ I 
' 
I 
r·· 
' 
,I 
I 
• 
• 1111 ) 
I 
t 
! 
• 
Plass Ratio 
( P. ) 
0 .- ,-, ? ,...., i • -,..) ! ...... 
0.712 
0.779 
0.949 
0.998 
1.070 
1.120 
1.570 
1 . . 580 
1.~90 
.... 
1.620 
Exp. Pres. 
P eq. ( 3) 
( PS i. ) 
1,150,000 
956,500 
1,164,980 
1,150,000 
1,164,980 
l,2r:7,600 
1,2q8,600 
1,067,740 
1,067,740 
1,150,000 
1,164,980 
1,150,000 
1,150,000 
TABLE'4 CONTINUED 
Plate ,fel. Det. Vel. Vy e;. ( 6) v~ fig. 7 
ft/sec) ft sec) 
2,778 11,625 
2,627 :io,,600 
2,975 
.11.; ?·00-
3,243 11,625 
3,308 11,700 
4,006 12,300 
4,220 :12, 325 
4,298 11,200 
4,499 11,200 
6,535 11,625 
6,600 11,700 
6,619 11,625 
6,744 11,625 
Interface Pres. 
Pi eq. ( 2) ( ps_t) 
7,811,000 
7, 3-86, :9:'00 
-s:, 365,.0.·oo. 
'. .. . 
:9_,::120, '700 .. 
·9, 29 5, .000 
11 ·260· 000 
.. . ' .. • . ··' . 
l 1-., 8·60, 000 
1:2, 081, 000 
12,644,000 
18,371,000 
18,555,000 
18,601,000 
18, 9 .52, 00.0· 
Gold: Tensile Strength= 32,000 psi, 18 Sonic Velocity= 10,800 ft/sec20 
Tantalum: Tensile Strength= 112,000 psi, 18 Sonic Velocity= 11,.250 ft/sec18 
-· 
; 
t...l 
0 
w 
Exp Thick 
(mils) 
10 
15 
;2'() 
25 
Au ribbon 
.5X62 mils 
104 
. ~. 
·.\'·j C' '{ · I 
TABLE .5 
·90C> PEEL TEST FOR GOLD-TANTALUM BONDS:: 
Annealed 
As Bonded Strength 
Strength 3?5°C-4 Hrs. 
(gr~s) (grams) 
1416 1593 
1650 1530 
1662 14.57 
1760 1900 
5200 1848 
TABLE b 
MELT ZONE COMPC>SITIONS (WEIGHT %) 
Sarnole Region 1 Region 2 Region 3 
. 
' N , Ta Au Ta Au Ta Au 
r urr: ,_,er 
1 19.t)2 84.Q4 18.22 87.0 20.73 84.87 
.,. 
f-\, 
2 19.35 85.94 21.24 8J.29 20.33 83.71 0 \J\ 7 19.39 e6.48 19.03 .85·-.,8'5' 1~.33 86.53 10 20.53 ~4.93 19.45 tt4.48: 18.74 b6.12 
11 19.35 
~5-94 
~H.85 :86 • .5tJ 20.11 8.5.41 18 19.29 86.91 18.94 86.49 20.68 85.55 
'. 
I 
.. :· 
.... :-,i;. , __ .. 
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